Background: Adipocytes are known to metabolize but not synthesize de novo steroids or oxysterols. Results: CYP11A1 in adipocytes is able to synthesize pregnenolone; 27-hydroxycholesterol (27HC) is a major cholesterol metabolite in adipocytes exhibiting anti-adipogenic activity. Conclusion: Adipocytes have the ability to synthesize steroids and oxysterols de novo. Significance: Formation of 27HC in adipocytes may prevent the enlargement of adipose tissue compartment.
Local production and action of cholesterol metabolites such as steroids or oxysterols within endocrine tissues are currently recognized as an important principle in the cell type-and tissuespecific regulation of hormone effects. In adipocytes, one of the most abundant endocrine cells in the human body, the de novo production of steroids or oxysterols from cholesterol has not been examined. Here, we demonstrate that essential components of cholesterol transport and metabolism machinery in the initial steps of steroid and/or oxysterol biosynthesis pathways are present and active in adipocytes. The ability of adipocyte CYP11A1 in producing pregnenolone is demonstrated for the first time, rendering adipocyte a steroidogenic cell. The oxysterol 27-hydroxycholesterol (27HC), synthesized by the mitochondrial enzyme CYP27A1, was identified as one of the major de novo adipocyte products from cholesterol and its precursor mevalonate. Inhibition of CYP27A1 activity or knockdown and deletion of the Cyp27a1 gene induced adipocyte differentiation, suggesting a paracrine or autocrine biological significance for the adipocyte-derived 27HC. These findings suggest that the presence of the 27HC biosynthesis pathway in adipocytes may represent a defense mechanism to prevent the formation of new fat cells upon overfeeding with dietary cholesterol.
Adipocytes are not passive storage depots for fat; rather, they are active endocrine/paracrine/autocrine/intracrine cells that produce a wealth of factors that regulate lipid homeostasis, insulin sensitivity, glucose metabolism, and inflammation (1) . In addition to secreting proteins such as leptin and adiponectin, adipocytes are major sites of steroid conversion. Indeed, adipocytes express several steroid-metabolizing enzymes (2) and can modulate local steroid concentrations. Thus, local production of steroids by adipocytes may contribute substantially to steroid action. To initiate the production of any steroid hor-mone, cholesterol must be delivered to the cytochrome P450 cholesterol side-chain cleavage enzyme (CYP11A1) located in the inner mitochondrial membrane. CYP11A1, aided by the electron transport partners ferredoxin (FDX) 3 and ferredoxin reductase (FNR), converts cholesterol to pregnenolone, which is transformed into different steroid products through enzymatic reactions in a tissue-specific manner ( Fig. 1A) (3) .
In classic steroidogenic tissues, such as adrenal and testis, cholesterol availability to CYP11A1 limits steroidogenesis; the transport of cholesterol from the outer to the inner mitochondrial membrane is the rate-limiting step in steroidogenesis overall (4) . The translocator protein (18 kDa) TSPO and the steroidogenic acute regulatory protein (STAR) are the two major components of the mitochondrial cholesterol transport machinery. Binding of the endogenous ligand diazepam-binding inhibitor/acyl-CoA binding domain 1 to TSPO accelerates the translocation of cholesterol into mitochondria and thus accelerates pregnenolone formation ( Fig. 1A) (5) . Because of the lack of evidence supporting the presence of mitochondrial cholesterol transport and metabolism in adipocytes, the ability to make steroids de novo has not been examined in these cells.
Recent findings in hepatic cells suggest that the mitochondrial cholesterol transport system may also be crucial for the activity of a second mitochondrial enzyme, the cytochrome P450 sterol 27-hydroxylase (CYP27A1). CYP27A1 metabolizes cholesterol into 27-hydroxycholesterol (27HC; Fig. 1A ) (6) , the most abundant oxysterol in human circulation (7) . Based on isotope-labeling experiments that allow for monitoring the incorporation of labeled cholesterol into oxysterols in vivo, 80% of circulating 27HC is believed to be derived from a slowly exchangeable pool of cholesterol, representing production by extrahepatic tissues, including adipose, skeletal muscle, and skin (8) . Thus, adipose tissue may be one of the sources for 27HC production.
There is evidence that Tspo gene transcription is induced during 3T3-L1 mouse preadipocyte differentiation (9) and that silencing of Acbd1 inhibits 3T3-L1 adipocyte differentiation (10) . Based on these preliminary findings, we hypothesized that adipocytes are able to synthesize steroids or oxysterols, such as 27HC, de novo and that these endogenous products play a role in adipocyte differentiation and function. Here, we provide evidence that the expression and activity of the mitochondrial cholesterol delivery and metabolism machinery responsible for steroid hormone and 27HC biosynthesis are present in adipocytes. Moreover, inhibition of the CYP27A1 enzymatic pathway induces adipocyte differentiation, suggesting a local regulatory role of this pathway in adipocyte development and function.
EXPERIMENTAL PROCEDURES
Cell Culture, Differentiation, and Treatments-Mouse 3T3-L1 preadipocytes were cultured and differentiated as described previously (9, 11) . In brief, 3T3-L1 preadipocytes (ATCC) were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Invitrogen) and antibiotics (100 IU/ml penicillin G and 100 g/ml streptomycin) and maintained in a humidified chamber at 37°C with 5% CO 2 . Two days postconfluency (designated day 0), cells were induced to differentiate by addition of DMEM supplemented with the same antibiotics and a standard induction mixture composed of 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 M dexamethasone, and 1 g/ml insulin. After 48 h, the media were replaced with DMEM supplemented with the same antibiotics, 10% FBS, and 1 g/ml insulin. The media were replaced every 48 h for an additional 8 days. For the treatment with 27HC or the specific CYP27A1 inhibitor GI268267X (a gift from GlaxoSmithKline), appropriate concentrations of compounds were added at the start of the differentiation, and the same concentrations of the compounds were added at a 2-day interval when the culture medium was replenished.
Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte cell culture and differentiation was performed as described previously (12) . SGBS preadipocytes were maintained in DMEM/ Nutrient Mix F-12 (Invitrogen), supplemented with 8 g/ml biotin, 4 g/ml pantothenic acid, 10% FBS (not heat-inactivated, Wisent), and antibiotics (100 IU/ml penicillin and 100 g/ml streptomycin) at 37°C with 5% CO 2 . Three days postconfluency, SGBS preadipocytes were induced to differentiate using the "quick" differentiation medium (DMEM/F-12, 8 g/ml biotin, 4 g/ml pantothenic acid, 0.01 mg/ml human transferrin, 100 nM cortisol, 200 pM triiodothyronine, 20 nM human insulin, 25 nM dexamethasone, 500 M IBMX, 2 M rosiglitazone, and antibiotics). On day 4 of differentiation, the medium was replaced by adipogenic medium lacking the dexamethasone, IBMX, and rosiglitazone of the quick differentiation medium. The adipogenic medium was replaced every 2-3 days. SGBS cells were fully differentiated on day 15.
Human mature adipocytes in culture (2-week post-differentiation) from subcutaneous or omental adipose tissues of nondiabetic male subjects were obtained from Zenbio Inc. Upon arrival, excess medium added to each well for shipping was immediately removed, and only sufficient volume of medium was left to cover the cell monolayer. After overnight incubation at 37°C with 5% CO 2 , adipocytes were fed with fresh Omental Adipocyte Medium (OM-AM, Zenbio) for omental adipocytes and Adipocyte Maintenance Medium (AM-1, Zenbio) for subcutaneous adipocytes for another 24 h before using for de novo steroid or oxysterol studies.
MA-10 mouse Leydig cells were a gift from Dr. Mario Ascoli (University of Iowa) and cultured in DMEM/F-12 supplemented with 5% FBS and 2.5% heat-inactivated horse serum as described previously (13) . HepG2 human liver hepatocellular carcinoma cell lines were obtained from ATCC and cultured in DMEM supplemented with 10% FBS.
Isolation, Culture, and Differentiation of Stromal Vascular Fraction (SVF)-10-Week-old male B6.129-Cyp27a1 tm1Elt /J (Cyp27a1 Ϫ/Ϫ ) and their respective control male C57BL/6J (wild type) mice were purchased from The Jackson Laboratory. 55-58-Day-old male Sprague-Dawley rats were purchased from Charles River Laboratories. Following CO 2 euthanasia, animals were decapitated, and adipose tissues were collected. Animals were handled according to protocols approved by the McGill University Animal Care and Use Committees. SVF isolation from adipose tissue and cell differentiation was performed as described previously (14) . In brief, adipose tissue was rinsed immediately in phosphate-buffered saline (PBS), and connective tissues and blood vessels were carefully dissected and removed. The remaining tissues were minced into small pieces and digested in a collagenase solution containing 2% bovine serum albumin for 60 min at 37°C under continuous shaking. The collagenase used was type II collagenase (Sigma, 1.2% v/v) for rat adipose tissue and type 1 collagenase (Worthington, 1 mg/ml) for mouse adipose tissue. The dispersed tissue was centrifuged for 5 min at 250 ϫ g to give rise to the floating adipocytes and the sedimented SVF. The SVF pellets were resuspended in erythrocyte lysis buffer (8.26 g of NH 4 Cl, 1 g of KHCO 3 , and 0.037 g of EDTA in 1 liter of water (pH 7.3)) for 5 min at room temperature (RT) before adding complete growth medium (10% fetal bovine serum, 1% penicillin/streptomycin solution, and 1% amphotericin B in DMEM/Nutrient Mixture F-12) to stop the reaction. The resulting suspension was filtered through 100-m nylon strainers and 40-m nylon strainers. After centrifuging at 350 ϫ g for 5 min at 4°C, the pellets were resuspended in complete medium and cultured at 37°C in a humid 5% CO 2 environment. Three days post-seeding, SVF cells from rat adipose tissue were differentiated into adipocytes with complete growth medium supplemented with 0.5 mM IBMX, 1 M dexamethasone, and 1.6 M insulin for 2 days, followed by supplementation of 1.6 M insulin alone for an additional 8 days. The medium was replaced every 2 days. The differentiation of SVF cells from mouse adipose tissue followed the same procedure as above, except that 5 M rosiglitazone was added into the differentiation medium during the first 2 days.
Knockdown of Cyp27a1 in 3T3-L1 Preadipocytes-At 80% confluence, 3T3-L1 preadipocytes were transfected with 50 nM siRNA for Cyp27a1 (Dharmacon, M-058118-01, siGENOME SMARTpool) using Lipofectamine 2000 reagent (Invitrogen) according to the protocol recommended by the manufacturer.
CCC AGT TTG AAG GAA ATC TCG-3Ј; Cebpa, 5Ј-TTG GCT TTA TCT CGG CTC TTG C-3Ј and 5Ј-CGG TAA CAA GAA CAG CAA CGA GTA CCG 3Ј; Rps18, 5Ј-CAC GGG CTC CAC CTC ATC CTC CGT G-3Ј and 5Ј-TGA GGA AAG CAG ACA TCG ACC T-3Ј.
Mitochondrial Preparation-Mitochondria were isolated as described previously (15) , with minor modifications. All steps of the procedure were performed at 4°C. Briefly, 3T3-L1 adipocytes (in 150-mm dishes) were rinsed twice in PBS, harvested in Buffer A (10 mM Hepes-KOH (pH 7.5), 200 mM mannitol, 70 mM sucrose, 1 mM EDTA, and 1ϫ Complete Protease Inhibitor Mixture Tablet (Roche Diagnostics)) using a cell lifter and centrifuged at 500 ϫ g for 10 min. The cell pellets were resuspended in 5 volumes of Buffer A, incubated for 10 min, and centrifuged at 500 ϫ g for 10 min. The cell pellets were resuspended in Buffer B (40 mM Hepes-KOH (pH 7.5), 250 mM sucrose, 80 mM potassium acetate, 5 mM magnesium acetate, and 1ϫ Complete Protease Inhibitor Mixture Tablet) and homogenized with an electric Teflon-glass homogenizer. The homogenate was centrifuged at 500 ϫ g for 10 min; the supernatant was collected, and the pellet was homogenized and centrifuged again. The two supernatants were pooled and centrifuged at 10,000 ϫ g for 10 min. The resulting mitochondrial pellet was resuspended in 1 ml Buffer B and centrifuged at 10,000 ϫ g for another 10 min to enrich mitochondrial purity. The final mitochondrial pellets were either solubilized in Laemmli buffer for immunoblot analysis or resuspended in import buffer for pregnenolone or 27HC synthesis.
Protein Measurement-Protein concentrations were determined using a bicinchoninic acid assay (Thermo Fisher Scientific) according to the manufacturer's instructions.
Immunoblot Analysis-Whole cells or mitochondrial pellets were solubilized in Laemmli buffer, and proteins (30 g) were separated by electrophoresis on a 4 -20% SDS-polyacrylamide gradient gel and transferred to a polyvinylidene fluoride membrane. Nonspecific binding was blocked with 5% skim milk in Tris-buffered saline solution for 1 h at RT. Membranes were incubated with specific antibodies overnight at 4°C. Antibodies used were as follows: anti-CYP11A1 (1:1000, Abcam, ab75497); anti-CYP27A1 (1:1000, Abcam, ab64889); anti-FDX (1:1000, Abcam, ab108257); anti-FNR (1:1000, Abcam, ab16874); anti-TSPO (1:500) (16); anti-ACBD1 (1:1000, Abcam, ab16871); anti-STAR (1:1000, provided by Dr. Buck Hales, Southern Illinois University); anti-adipocyte fatty acid-binding protein (FABP4; 1:1000, Cell Signaling, 3544); anti-␤-actin (1:1000, Cell Signaling, 4970); and anti-cytochrome c oxidase (COX IV; 1:1000, Abcam, ab16056). Membranes were incubated with anti-rabbit IgG horseradish peroxidase-linked secondary antibodies for 1 h at RT. After developing membranes using an enhanced chemiluminescence kit (Amersham Biosciences), signals were visualized with a Fujifilm LAS-4000. The same membrane was probed with either anti-␤-actin or anti-cytochrome c oxidase to detect the expression of the internal housekeeping control in cell or mitochondrial lysates.
CYP11A1 and CYP27A1 Activity Assays-In both isolated mitochondria and whole adipocytes, the activities of CYP11A1 or CYP27A1 were tested by using 22(R)-hydroxycholesterol (22RHC) or cholesterol, respectively, as substrate. When using isolated mitochondria for the activity assay, procedures from previous studies were followed (17) . Freshly prepared adipocyte mitochondria pellets were suspended at a final concentration of 1 mg/ml in import buffer (250 mM sucrose, 10 mM potassium phosphate buffer (pH 7.5), 15 mM triethanolamine-HCl, 20 mM KCl, 5 mM MgCl 2 , 3% bovine serum albumin, and 1ϫ Complete Protease Inhibitor Mixture tablet). Either 22RHC (substrate for CYP11A1, 20 M) or cholesterol (substrate for CYP11A1 and CYP27A1, 1.5 M [ 3 H]cholesterol (specific activity of 43 Ci/mmol, Amersham Biosciences), and 20 M unlabeled cholesterol) was added to the import buffer. For the CYP11A1 assay, the import buffer was also supplemented with 5 M trilostane, a 3␤-hydroxysteroid dehydrogenase (3␤-HSD) inhibitor. These mitochondrial suspensions were incubated at 37°C for 5 min in a shaking platform. The reaction was started by the addition of 15 mM sodium isocitrate and 0.5 mM NADP in a 250-l final volume. After incubating for the indicated time periods at 37°C, the reaction was stopped by adding 1 ml of ethyl acetate. After extraction, the organic phase was collected and evaporated to dryness. Pregnenolone formation was measured by RIA. Radiolabeled 27HC formation was detected by HPLC-radiometric assay.
When using the whole cells for the activity assay, fully differentiated adipocytes grown on 100-mm culture plates were washed twice with PBS before the incubation with 22RHC (1. De Novo Steroid or Oxysterol Synthesis-Mature adipocytes differentiated from mouse 3T3-L1 preadipocytes, rat SVFs, human SGBS preadipocytes, and human primary preadipocytes were used for de novo synthesis of steroids or oxysterols. As described previously (18) , cells were washed twice with warm PBS and incubated at 37°C with either cholesterol (1.5 Ci of [ 3 H]cholesterol and 20 M unlabeled cholesterol) or its direct precursor mevalonate (1.5 Ci of [ 3 H]mevalonolactone (specific activity, 37.1 Ci/mmol, PerkinElmer Life Sciences) and 20 M unlabeled mevalonolactone) in the media, which are as follows: for 3T3-L1 adipocytes, Aim-V serum-free medium; for human SGBS adipocytes, DMEM/F-12 supplemented with 8 g/ml biotin, 4 g/ml pantothenic acid; for differentiated adipocytes from rat primary SVF, DMEM/F-12 supplemented with 5% charcoal-stripped FBS; for human omental adipocytes, Omental Adipocyte Medium; and for human subcutaneous adipocytes, Adipocyte Maintenance Medium. After terminating the reaction at various time points, media were collected, and cells were harvested in PBS. Aliquots of cell suspensions were frozen at Ϫ20°C for protein concentration measurement later. The remaining cell suspensions were combined with the media and stored at Ϫ20°C before extraction and analysis.
HPLC Radiometric Assay and TLC-Cell and media homogenates collected at various intervals of the substrate treatment were extracted three times with 4 volumes of ethyl acetate and evaporated. Extracts were reconstituted in 200 l of methanol. Steroid or oxysterol products were separated by a Beckman Gold HPLC system using a Beckman Ultrasphere ODS column (250 ϫ 4.6 mm, 5 m) at RT and monitored by ultraviolet detection (190 -300 nm). HPLC separation was achieved with a gradient of solution A (acetonitrile/methanol/water, 40:40:20) and solution B (100% methanol) at a flow rate of 1.5 ml/min, as described previously (19) . Runs were started with 0% solution B (100% solution A) increasing linearly to 100% solution B during the initial 15 min, after which the flow was kept at 100% solution B for another 15 min. Fractions were collected every 30 s and counted by liquid scintillation spectrometry. Products were identified by respective retention time compared with standards under the same chromatographic conditions. Results were presented as counts/min minus background and normalized to the protein concentrations of the sample. In some experiments, steroid or oxysterol products were also separated by TLC on silica gel plates (Fluka) and developed in hexane/ ethyl acetate/acetic acid (50:50:1, by volume). The bands were detected with iodine vapor.
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis-Pooled extracts from de novo 27HC assays were air-dried, derivatized with bis-(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane (99:1), and subjected to GC-MS using a Shimadzu 17A/QP5050A single quadrupole mass spectrometer operated in the electron impact ionization mode. The gas chromatograph was equipped with a 3-m ϫ 0.25-mm 0.25-m film thickness analytical column (Restek Canada, Chromatographic Specialties Inc., catalog no. 12223; serial no. 559805). A 0.5-l sample was injected in splitless mode (inlet was set at 280°C with the helium flow at 59 l/min) at the initial 120°C. The oven was first kept at 120°C for 3 min, ramped at 40°C/min to 310°C, and held for 7 min isothermally. Based on the full scan (total ion current, m/z ϭ 50 -650) of the trimethylsilyl-derived reference standard 27HC, the ions detected at m/z 75 (C 4 H 11 O ϩ ), m/z 129 (C 6 H 13 OSi ϩ ), and m/z 457 (C 30 H 53 O 2 Si ϩ ) were used to confirm the production of 27HC by selected ion monitoring (SIM).
Quantification of the Rate of Bile Acid Synthesis-Rates of bile acid synthesis were determined via time point conversion of [ 3 H]cholesterol to 3 H-labeled bile acids, which were methanol/water-extractable products. As described previously (6), cells grown on 150-mm tissue culture dishes were washed twice with PBS and incubated in Aim-V serum-free medium containing 2.5 Ci of [ 3 H]cholesterol. Aliquots (100 l) of the medium were collected in duplicate in microcentrifuge tubes at various time points and kept frozen until analysis. A mini-Folch extraction buffer (50 l of water, 250 l of methanol, 537 l of chloroform, and 3 l of 1 M Na 2 CO 3 ) was added to each 100-l culture medium sample. After vortexing vigorously, the tubes were centrifuged at 16,000 ϫ g for 6 min. The phases were collected separately and counted.
Oil Red O Staining-Cells were washed twice with PBS and fixed with 10% formaldehyde solution in PBS for 1 h. After removing the formaldehyde, cells were washed with 60% isopropyl alcohol and dried completely. Diluted Oil Red O solution (6 parts 0.35% Oil Red O in isopropyl alcohol and 4 parts water) was added for 10 min. After repeatedly washing with water, cells were visualized microscopically.
Statistical Analysis-Statistical analyses were performed using GraphPad Prism 4.02 software. The significance of the results was determined by using Student's t test or one-way analysis of variance followed by Bonferroni's post hoc test for multiple comparisons.
RESULTS

Characterization of the Steroidogenic Pathway and Ability of 3T3-L1 Cells to Form Steroids during Differentiation-The
3T3-L1 preadipocyte cell line is a well established model used to study adipocyte differentiation. The differentiation stages of this cell line were defined by Oil Red O staining of lipid droplets ( Fig. 1B) . Upon induction of 3T3-L1 differentiation into adipocytes, Tspo gene expression was significantly elevated, rising ϳ4-fold at D10 post-differentiation ( Fig. 2A) . In cell extracts, TSPO protein was present in preadipocytes, and TSPO levels increased during differentiation. In these studies, undifferentiated (control) cells were maintained in growth medium, whereas other cells were incubated in differentiation medium. TSPO levels in these cells were not changed compared with D0 preadipocytes. TSPO was observed in mitochondria isolated from D5 differentiating adipocytes, and TSPO levels were greatly increased in D10 mature adipocyte mitochondria ( Fig.  2A) . Similarly, Acbd1 mRNA and protein levels were induced during 3T3-L1 differentiation (Fig. 2B ). Although Star (Stard1) mRNA levels at D10 were 4.7-fold higher than those at D0, STAR protein was not detected in isolated mitochondria from either preadipocytes or mature adipocytes (Fig. 2C) .
CYP11A1 is the first enzyme in the steroidogenic pathway, acting by converting cholesterol into pregnenolone. The enzymatic activity of mitochondrial P450s is regulated by the rate of electron transfer from the P450 redox partners FDX and FNR. qPCR analysis revealed that Cyp11a1 was elevated ϳ80-fold in D10 mature adipocytes compared with D0 preadipocytes (Fig.  2D ). Fdx and Fnr mRNA levels were both induced significantly at D5 and D10 during differentiation (Fig. 2, E and F) . Each of these three proteins was present at low levels in preadipocyte mitochondria. However, these mitochondrial proteins were up-regulated in differentiated adipocytes (Fig. 2, D-F) .
To further map the presence of components of the steroidogenic pathway in adipocytes and identify the final steroid products, we evaluated the expression levels of transcripts encoding steroidogenic enzymes during 3T3-L1 adipocyte differentiation. The enzymes investigated included the following: pregnenolone-metabolizing enzymes 17␣-hydroxylase/17,20-lyase (CYP17A1) and 3␤-HSD; 21-hydroxylase (CYP21), 11␤-hydroxylase (CYP11B1), aldosterone synthase (CYP11B2), and 11␤-hydroxysteroid dehydrogenase (11␤-HSD), which are involved in glucocorticoid and mineralocorticoid biosynthesis; and 17␤-hydroxysteroid dehydrogenase (17␤-HSD) and aromatase (CYP19A1), which are involved in sex steroid synthesis. Regarding pregnenolone-metabolizing enzymes, Cyp17a1 mRNA expression ( Fig. 2G ) was induced at D10, whereas Hsd3b1 mRNA levels ( Fig. 2H ) in D5 and D10 cells were lower than those in D0 preadipocytes. However, no statistical difference was detected in Hsd3b1 gene expression throughout differentiation. The mRNA levels of Cyp21, a key enzyme in the synthesis of both glucocorticoids and mineralocorticoids, increased in D10 adipocytes ( Fig. 2I ). Gene expression of Cyp11b2 (Fig. 2K ) also increased during differentiation. The mRNA levels of Cyp11b1, the enzyme converting 11-deoxycortisol to cortisol, were not significantly different between preadipocytes and adipocytes ( Fig. 2J ). Not surprisingly, Hsd11b1, which predominantly catalyzes the reduction of metabolically inactive cortisone to active cortisol, was induced over 200-fold during 3T3-L1 adipogenesis (Fig. 2L ). In the sex steroid synthesis pathway, Cyp19a1 (Fig. 2M ) gene expression was higher in preadipocytes. Although Hsd17b3, encoding the androgenic form of 17␤-HSD, was not detected in 3T3-L1 cells (data not shown), the Hsd17b7 gene encoding the estrogenic 17␤-HSD ( Fig. 2N ) was slightly induced in differentiated cells.
To further confirm the steroidogenic potential of adipocytes, we evaluated the expression of steroidogenic factor 1 (SF-1; NR5A1), a nuclear receptor positively regulating steroidogenic protein and enzyme expression (20) . As shown in Fig. 2O , Nr5a1 mRNA levels were significantly increased during 3T3-L1 adipogenesis. Gene expression of dosage-sensitive sex reversal gene 1 (Dax1), another nuclear receptor that acts as a global negative regulator of steroid hormone production (21), was not detected during adipocyte differentiation (data not shown). Taken together, these data suggest that differentiated adipocytes express the enzymes and proteins needed to produce steroids.
CYP11A1 Enzymatic Activity in 3T3-L1 Adipocytes-The ability of CYP11A1 to convert cholesterol to pregnenolone defines a "steroidogenic" cell. Based on the elevated expression pattern of the CYP11A1 enzyme system during 3T3-L1 adipogenesis, we used D10 mature adipocytes to investigate the enzymatic activity of CYP11A1. Mitochondria isolated from D10 3T3-L1 adipocytes were incubated in an NADPH-containing reaction buffer together with the substrate 22RHC. This substrate is a soluble cholesterol analog that bypasses the mitochondrial cholesterol transport system and reaches CYP11A1 in the inner mitochondrial membrane to be metabolized to pregnenolone. Fig. 3A shows that adding 22RHC to the cells resulted in the time-dependent production of pregnenolone, albeit at low levels. Statistical differences were only seen after 3 h of 22RHC incubation in adipocyte mitochondrial suspensions. To test the pregnenolone synthesis rate at the cell level, D10 3T3-L1 adipocytes were incubated with 20 M 22RHC and [ 3 H]22RHC as a tracer before extraction followed by HPLCradiometric analysis (Fig. 3B ). Fig. 3C shows that after 48 h only 6% of [ 3 H]22RHC was converted to pregnenolone (retention time Ϸ5.5 min), indicating low CYP11A1 enzyme activity in 3T3-L1 adipocytes. However, HPLC-radiometric analysis of radioactive products after 48 h of incubation with [ 3 H]22RHC showed the presence of peaks at a retention time distinct to that of pregnenolone ( Fig. 3B ), suggesting that the low pregnenolone production in adipocytes could be the result of pregnenolone metabolism to the downstream steroid hormones.
CYP27A1 Enzymatic Activity and de Novo Synthesis of 27HC in 3T3-L1 Adipocytes-Because CYP11A1 is present and active in mature 3T3-L1 adipocytes, we incubated 3T3-L1 adipocytes with cholesterol to test whether it could be converted to form de novo steroids in adipocytes. After a 48-h incubation with [ 3 H]cholesterol, not much radiolabeled pregnenolone was detected (Fig. 4A ). However, significant amounts of some unknown radiolabeled cholesterol products were eluted at different retention times. Thus, we extended our hypothesis to other pathways that may be involved in cholesterol metabolism. The pathway for biosynthesis of oxysterols, the oxidized derivatives of cholesterol, is independent of steroidogenesis. HPLC and TLC separation of the samples incubated with [ 3 H]cholesterol for 48 h indicated the separation of a radiolabeled product eluted at a retention time identical to a 27HC standard examined under the same HPLC separation conditions or on the same TLC plate (Fig. 4A ). The inner mitochondrial membrane CYP27A1 generates 27HC from cholesterol. The presence of CYP27A1 enzymatic activity in D10 3T3-L1 adipocytes was confirmed by incubating isolated adipocyte mitochondria in an NADPH-containing reaction buffer supplemented with cholesterol. Under these conditions, formation of radiolabeled 27HC from [ 3 H]cholesterol was observed after 3 h (Fig. 4B ). CYP27A1 protein was also detected in both 3T3-L1 cells and mitochondrial lysates (Fig. 4C ). Both Cyp27a1 mRNA and protein levels of CYP27A1 were induced during 3T3-L1 adipocyte differentiation. When treated with [ 3 H]mevalonolactone (MVA, a cellpermeable form of mevalonate, the direct precursor of cholesterol), de novo formation of radiolabeled cholesterol was observed at a significant rate after 24 h (Fig. 4D ). Thus, cells treated with MVA for 24 h or longer were used in subsequent experiments to generate a readily detectable amount of cholesterol metabolites. Incubation of mature 3T3-L1 adipocytes for 48 h with [ 3 H]MVA generated the metabolite 27HC, detected both by HPLC-radiometric assay and TLC (Fig. 4E) . These data suggest that oxysterol synthesis might be dominant over the steroid biosynthesis pathway in cholesterol metabolism in adipocytes, with 27HC being the major mitochondrial cholesterol product. The other peaks seen in the HPLC-radiometric assays of cells incubated with [ 3 H]cholesterol or [ 3 H]MVA (Fig. 4 , A and E) suggest the existence of other oxysterols or cholesterol metabolites in adipocytes to be identified.
The 27HC formed de novo by 3T3-L1 adipocytes was further identified by GC-MS analysis. The serum-free medium (AIM-V medium) used to incubate 3T3-L1 adipocyte cells in 27HC synthesis assays was used as a control and shown to contain no 27HC (Fig. 4F) . A 27HC standard (50 ng/ml) was used as a positive control (Fig. 4G ). Extracts of cells incubated with unlabeled MVA for 72 h contained material with a retention time identical to the reference 27HC and had the expected selected ions at m/z of 75 and 129 (Fig. 4H ). This material was not detected in zero time reaction mixtures (Fig. 4I) . These mea-surements corroborate HPLC-radiometric assay and TLC data on the formation of 27HC from MVA in mature adipocytes.
De Novo Synthesis of 27HC in Rat or Human Primary Adipocytes-To determine whether the biosynthesis of 27HC in 3T3-L1 adipocytes is a cell-specific event, we examined mature adipocytes that were differentiated in culture from isolated SVF from Sprague-Dawley rat retroperitoneal adipose (RETRO) or epididymal adipose (EPI) tissues. The differentiation stages of the SVF cells were defined by Oil Red O staining of lipid droplets (Fig. 5A ). TSPO and CYP27A1 proteins were detected in SVF cells (D0) and differentiated adipocytes (D10) from both sites (Fig. 5B ). During SVF cell differentiation, TSPO expression remained constant. CYP27A1 was seen mainly as a dimer in differentiated rat adipocytes, as reported previously in retina (22) . Radiolabeled 27HC was formed from [ 3 H]MVA in adipocytes differentiated from SVF cells derived from both RETRO and EPI depots (Fig. 5, C and D) .
The mitochondrial P450 system (CYP27A1, CYP11A1, FDX, and FDR) was also present and elevated during the differentiation of SGBS human preadipocytes (Fig. 5F ). The differentiation stages of this cell line were defined by Oil Red O staining of lipid droplets (Fig. 5E ). After incubating D10 adipocytes with [ 3 H]MVA for 5 h (Fig. 5G ) or 4 days ( Fig. 5H ), 27HC was detected.
In normal human subjects with body mass index between 24 and 27, expression levels of CYP27A1 protein were enriched in both subcutaneous and omental newly differentiated adipocytes, compared with their corresponding primary preadipocytes (Fig. 5, I and J) . In contrast to the newly differentiated adipocytes, CYP27A1 expression was further induced in primary mature adipocytes isolated directly from human subcutaneous adipose tissue ( Fig. 5I ), suggesting that our discovery of CYP27A1 metabolic pathway in newly differentiated adipocytes could be extrapolated to mature adipocytes already present in the adipose tissue. Moreover, differentiated omental adipocytes from a diabetic donor (body mass index ϭ 42.4) exhibited a higher CYP27A1 expression than those from normal subjects (Fig. 5J) , indicating a potential elevation of 27HC production in adipose tissues of obese patients. In terms of the enzyme activity, a significant amount of 27HC was synthesized after incubating the newly differentiated human omental adipocytes with [ 3 H]MVA for 48 h (Fig. 5L ). However, despite the similar expression levels of CYP27A1 between the two depots, the activity of CYP27A1 in synthesizing 27HC was tremendously reduced in subcutaneous adipocytes (Fig. 5K) , implying that omental fat, often associated with central obesity, might have a more pronounced capacity in producing 27HC.
Accumulation of 27HC and Absence of Bile Acid Synthesis in Adipocytes-The cellular level of 27HC depends on the expression of both generating and metabolizing enzymes. CYP27A1 is the sole enzyme metabolizing cholesterol to 27HC, whereas oxysterol and steroid 7␣-hydroxylase (CYP7B1) is the most important enzyme to metabolize 27HC in extrahepatic cells (23) . During 3T3-L1 differentiation, the increased CYP27A1 ( Fig. 4C ) and reduced CYP7B1 expression ( Fig. 6A) suggest high production and low elimination rates for 27HC in mature adipocytes. This would increase local concentrations of 27HC in adipocytes.
Oxysterols, such as 27HC, are obligatory intermediates for bile acid synthesis (24) . There are two bile acid formation pathways in mammalian cells. The classical pathway starts with the 7␣-hydroxylation of cholesterol by cholesterol 7␣-hydroxylase (CYP7A1), and the alternative pathway is initiated with the 27-hydroxylation of cholesterol by CYP27A1 ( Fig. 1A) (25) . During 3T3-L1 adipogenesis, the mRNA levels of Cyp7a1 reached the highest point in D5 differentiating cells and fell when the cells were fully differentiated (Fig. 6B) , whereas Cyp27a1 mRNA levels gradually increased during differentia-tion ( Fig. 4C) . Therefore, if mature adipocytes are able to synthesize bile acid, the alternative pathway involving CYP27A1 might be favored over the classical pathway involving CYP7A1.
Upon production in extrahepatic cells, 27HC is transported to the liver, where it serves as an intermediate for bile acid synthesis (26) . Thus, the presence of the bile acid biosynthesis pathway in adipocytes could also modulate local levels of 27HC. To test this hypothesis, the conversion of [ 3 H]cholesterol to 3 H-labeled methanol/water-extractable products over time was examined in D0, D5, and D10 3T3-L1 cells. HepG2 liver cells, known for their high capacity to form bile acids, were used as a positive control. Bile acid synthesis rates steadily increased in HepG2 cells up to 48 h, and no changes were observed in D0 preadipocytes or differentiating D5 or mature D10 adipocytes (Fig. 6C ). To determine whether this difference between HepG2 and 3T3-L1 cells in bile acid synthesis is due to differences in cholesterol uptake, the rate of cholesterol uptake was determined by measuring [ 3 H]cholesterol "disappearance" (chloroform phase) from the cell culture medium. Data shown in Fig. 6D indicate that the cellular cholesterol uptake rates were similar in all cell types used. These data exclude the possibility that adipocytes synthesize bile acids from cholesterol. This conclusion was further supported by the absence of Tgr5 and Fxr mRNA, two major targets of bile acid-modulated effects (25) , in 3T3-L1 cells throughout differentiation (data not shown). Therefore, 27HC could be accumulated in adipocytes as an end product rather than an intermediate for bile acid synthesis.
Potential Role of CYP27A1 in Adipogenesis-To investigate the role of CYP27A1 in adipogenesis, we assessed the effects of GI268267X (a specific inhibitor of CYP27A1) (27) on 3T3-L1 differentiation. GI268267X-treated 3T3-L1 cells subjected to differentiation had higher mRNA and protein levels of the differentiation marker fatty acid-binding protein (FABP4) (Fig. 7 , A and D) compared with untreated differentiated 3T3-L1 adipocytes. mRNA levels of other differentiation markers such as CCAAT/enhancer-binding protein-␣ (Cebpa) and peroxisome proliferator-activated receptor-␥ (Pparg) were also induced in GI268267X-treated cells (Fig. 7, B and C) . Oil Red O staining of the cells treated with GI268267X revealed a dose-dependent induction of lipid droplets (Fig. 7E) .
To ascertain that the effects of GI268267X on adipogenesis were due to CYP27A1 inhibition, 3T3-L1 preadipocytes at 80% confluence were transfected with Cyp27a1 siRNA, before the initiation of differentiation. Two days after transfection, CYP27A1 protein levels in preadipocytes (D0) were significantly knocked down by 50% (Fig. 7F ). CYP27A1-deficient cells seemed to have a higher rate of differentiation compared with mock-transfected controls as assessed by the increased mRNA expression of adipogenesis markers Fabp4, Cebpa, and Pparg (Fig. 7 , G-I) in differentiated adipocytes. Thus, CYP27A1 likely acts as a negative regulator of adipogenesis.
Considering the finding that 27HC is the major product synthesized by CYP27A1 in adipocytes, we hypothesized that 27HC might inhibit adipogenesis. Supplementation of the differentiation mixture with 27HC moderately decreased the differentiation of 3T3-L1 cells, as measured by mRNA and/or protein expression of the differentiation markers FABP4 (Fig. 7 , J and L) and C/EBP␣ (Fig. 7K) , as well as indicated by the amount of Oil Red O staining in lipid droplets (Fig. 7M ) on day 10 after addition of the differentiation media. Taken together, these data suggest that the local 27HC biosynthesis pathway in adipocytes might act as a protective mechanism by limiting the potential of adipocyte differentiation.
Potential Local Effects of CYP27A1 Metabolic Pathway in Adipose Tissues-To further analyze the impact of the 27HC biosynthetic pathway in adipose tissue function, we isolated and characterized the properties of adipose tissues from 10-week-old Cyp27a1 knock-out mice. There was no significant difference in body weights (Fig. 8A) , total white adipose tissue composition (Fig. 8B) , or the weights of various fat depots (Fig. 8C ) between male Cyp27a1 Ϫ/Ϫ mice and the wild-type controls. However, as determined by the induced gene expression levels of the differentiation marker Fabp4 in differentiated adipocytes, there was a marked elevation in the adipocyte differentiation potential of SVF cells isolated from Cyp27a1 Ϫ/Ϫ mouse adipose depots, including retroperitoneal ( Fig. 8D ) and epididymal adipose tissues (Fig. 8E ) compared with those obtained from wild-type mice. These data are consistent with our previous findings in CYP27A1-deficient 3T3-L1 cell line studies. Cyp27a1 Ϫ/Ϫ mice at a relatively young age (10 weeks) might not have developed obesity, but the absence of the CYP27A1 pathway may be associated with the accelerated ability of adipose tissue to recruit newly committed preadipocytes and to promote their subsequent differentiation, which might make the mice prone to obesity when given a high fat diet.
DISCUSSION
Investigation of cholesterol transport and metabolism machinery responsible for steroid and oxysterol synthesis in adipocytes is an essential step in understanding how locally produced steroids or oxysterols mediate adipocyte function and other metabolic parameters.
A steroidogenic cell is defined by its ability to convert endogenous cholesterol to pregnenolone (3). "Classical" steroidogenic tissues include gonads and adrenal glands, in which the biosynthesis of steroids is regulated by the action of trophic hormones, and placenta, a hormone-independent steroidogenic tissue. Several other tissues, such as brain (28, 29) , heart (30) , and skin (31), also express CYP11A1 and therefore can be considered steroidogenic. Although the absolute amount of steroids synthesized in these "nonclassical" tissues is small, local steroid concentrations achieved within tissues could be high enough to exert significant biological influence in an intracrine, autocrine, or paracrine manner. For instance, locally produced progesterone and estradiol in the brain are neuroprotective (32, 33) ; disturbance of local glucocorticoid biosynthesis in the skin affects the functions of epidermis and adnexal structures, leading to inflammatory disorders (34) . Adipose tissue is one of the largest steroid reservoirs and sites of steroid metabolism. Modulation of active steroid levels in adipose tissue through steroid-converting enzymes regulates adipocyte functions at the local level (2) . It has been widely recognized that the increased local regeneration of cortisol from circulating inert cortisone, through the increased activity of 11␤-HSD1 in adipose tissues of obese individuals, amplifies fat cell differentiation and accounts for the metabolic complications of obesity (35) . Most recently, adipocyte-derived aldosterone is found to induce adipocyte differentiation in an autocrine manner and contributes to vascular dysfunctions in obesity (36) . Despite the association between abnormal adipocyte functions and local steroid levels, adipocytes have not been regarded as steroidogenic cells. MacKenzie et al. (37) were the first to detect the transcription of STAR, CYP11A1, HSD3B2, CYP21B, and HSD17B7 in both human omental and subcutaneous adipose tissues by qRT-PCR. However, no protein expression, localization, or activity studies about STAR and CYP11A1 in adipocytes have ever been reported. In this study, we demonstrated for the first time that the mitochondrial cholesterol transport machinery and CYP11A1 enzyme system is present and active in adipocyte cells. This finding substantially broadens our knowledge of the steroidogenic capacities of adipocytes.
SF-1 (NR5A1) and DAX-1 are positive and negative transcriptional regulators of genes involved in steroidogenesis, including Star, Cyp11a1, and Cyp17a1 (20, 21) , and are therefore important indicators of steroidogenic capacity. Our study confirmed the gene expression and induction of Sf1 (Nr5a1) during 3T3-L1 adipocyte differentiation. This may be responsible for the increased levels of Star, Cyp11a1, and Cyp17a1 mRNAs during adipogenesis. Although we did not detect gene expression of Dax1, it has been reported that Dax1 levels are significantly lower in differentiated 3T3-L1 cells compared with preadipocytes (38) . These authors suggested that DAX-1 acted as a co-repressor of peroxisome proliferator-activated receptor-␥ (Pparg) gene and was involved in regulating peroxisome proliferator-activated receptor ␥-mediated adipogenesis. Although additional experiments are needed to determine whether SF-1 or DAX-1 can also regulate the transcription of genes involved in adipocyte steroidogenesis, the elevated levels of Sf1 and the reduced levels of Dax1 suggest that mature 3T3-L1 adipocytes possess enhanced steroidogenic capacity.
The rate-determining step of all steroid hormone biosynthesis is transport of cholesterol from the outer to the inner mitochondrial membrane, where CYP11A1 is located. This process is regulated mainly by TSPO and STAR (5) . Although mitochondrial TSPO expression in adipocytes was confirmed in this study, STAR protein was not seen in the various stages of 3T3-L1 cells during differentiation by immunoblotting, probably due to an inability of the method to detect STAR protein when the overall level of STAR is relatively low. In human omental adipose tissues, the mRNA level of STAR is only 0.6% of that in the adrenal gland (37) . There might also be a possibility that adipocyte steroidogenesis is STAR-independent. In tissues that lack STAR but express the CYP11A1 enzyme system, such as placenta and brain, conversion of cholesterol to preg- nenolone occurs at ϳ14% of the STAR-induced rate (3) . The cholesterol content in adipocyte mitochondria may be at nearsaturating concentrations, like that in placenta (39) . The electron supply by the P450 redox partners, rather than cholesterol transport, may limit the rate of cholesterol metabolism in mitochondria. Oxysterols accumulated inside adipocytes could also serve as the direct substrate for the CYP11A1 enzyme system, bypassing the action of STAR.
We next focused on the presence and activity of the first enzyme in the pathway, CYP11A1, which metabolizes cholesterol to pregnenolone, the precursor of all of the other steroids, an event that defines a cell as steroidogenic. Our results clearly indicate the presence of CYP11A1 in adipocyte mitochondria and its ability to synthesize pregnenolone. However, the limited rate of formation of pregnenolone indicated that this steroid might be quickly used up for the synthesis of downstream steroids, because both pregnenolone-metabolizing enzymes 3␤-HSD and CYP17A1 are present. The fact that blocking the pregnenolone metabolism by trilostane or SU10603, enzyme inhibitors for 3␤-HSD and CYP17A1, respectively, failed to increase the rate of pregnenolone formation (data not shown) suggests that CYP11A1 does not play a major metabolic role in adipocyte cholesterol consumption. Besides cholesterol, vitamins D2 and D3 and their precursors can also serve as substrates for CYP11A1 either in a reconstituted system or isolated adrenal mitochondria (40 -43) . These CYP11A1-derived hydroxyvitamin D products have essential biological activities on skin cells, such as inhibition of proliferation and induction of differentiation in keratinocytes (44) . Because vitamin D deficiency is often linked to abnormal metabolic status of adipose tissue (45), the possible involvement of adipocyte CYP11A1 in metabolizing vitamin D and its subsequent impact on adipocyte development and functions are worth studying in the future.
All mitochondrial P450s receive electrons from NADPH via the same redox chain consisting of FDX and FNR; a similar ferredoxin-binding site is conserved among all mitochondrial P450s (46) . Identification of another mitochondrial P450 enzyme in adipocytes, CYP27A1, raised the possibility that CYP11A1 and CYP27A1 might compete for the common redox partner FDX to perform the hydroxylation reaction. CYP27A1 binds significantly tighter (ϳ30-fold) to FDX than CYP11A1, due to an additional electrostatic interaction between CYP27A1 and ferredoxin (47) . Differences in binding affinity for FDX between CYP27A1 and CYP11A1 may explain why the major mitochondrial enzyme metabolism of cholesterol in adipocytes involves 27-hydroxylation rather than conversion to pregnenolone.
CYP27A1 is a ubiquitous enzyme involved in bile acid synthesis by catalyzing multiple oxidation reactions at the C 27 atom of steroids in the classical (hepatic) pathway (48) and cholesterol in the alternative (peripheral) pathway (26) . The classical pathway begins with CYP7A1 and is considered the quantitatively most important pathway in bile acid synthesis. However, there is evidence that human CYP7A1 deficiency causes a doubling of CYP27A1 activity and up-regulation of the alternative pathway (49) . During 3T3-L1 differentiation, we observed that Cyp7a1 mRNA levels were lower in mature adipocytes, when Cyp27a1 levels peaked. Thus, there might be a compensatory increase in 27-hydroxylation of cholesterol by CYP27A1 in mature adipocytes that accounts for the predominance of the alternative pathway. To yield bile acids via the alternative pathway, 27HC must be hydroxylated by CYP7B1, and the resulting 7␣-hydroxylated products are further metabolized to bile acids ( Fig. 1A) (23) . Human CYP7B1 deficiency impairs the hydroxylation of 27HC, thus leading to elevated levels of circulating 27HC (50) . In our study, the decrease of Cyp7b1 gene expression during 3T3-L1 adipogenesis may explain the accumulation of 27HC and absence of bile acids in mature adipocytes.
The formation of 27HC by differentiated 3T3-L1 adipocytes was assessed in metabolic labeling studies using either cholesterol or its precursor, MVA. The steroid formed was identified by HPLC and TLC, and its identity was further confirmed by GC-MS. These results are not limited to 3T3-L1 cells. Adipocytes differentiated in culture from stromal vascular cells of rat retroperitoneal and epididymal adipose tissues, human SGBS cells, and human primary preadipocytes were all able to produce 27HC. Noteworthy, a depot-specific difference in 27HC generation was observed in our study, with human omental adipocytes producing significantly higher amounts of 27HC than subcutaneous adipocytes. This result is consistent with previous findings that gene expression of CYP27A1 is more pronounced in omental than subcutaneous fat in both lean and obese women (51) . Compared with subcutaneous adi-pose tissue, omental fat, often referred as "central fat," is more metabolically active and closely involved in the co-morbidities associated with obesity (52) . Thus, disruption of 27HC production in omental fat may offer a causative link between central obesity and metabolic parameters.
The local concentration of 27HC achieved by de novo adipocyte synthesis may be notable and most likely play a local regulatory role in adipocyte development. In adult human white adipose tissues, new adipocytes constantly arise from a pre-existing population of undifferentiated pre-fat cells and replace the lost adipocytes, in a turnover rate of ϳ10% annually (53) . Thus, adipogenesis is probably responsible for the increase of fat cell number upon overfeeding and may have a key role in the pathology of obesity. Several studies have noted the possible role of oxysterols in anti-adipogenic differentiation. For example, the oxysterols 20(S)-or 22(S)-hydroxycholesterol regulate lineage-specific differentiation of mesenchymal stem cells in favor of osteoblastic differentiation and against adipogenic differentiation (54) . Our data also demonstrate CYP27A1 as a negative regulator of adipogenesis. The presence of CYP27A1 able to synthesize 27HC in adipocytes might represent an adaptive mechanism for removal of excess cholesterol from adipose tissue, thus controlling the number of fat cells in the adipose compartment upon aging or overnutrition. It is evident that absence of the regulator oxysterol 27HC in patients with CYP27A1 deficiency (cerebrotendinous xanthomatosis) is associated with accumulation of lipids and accelerated tendency to develop atherosclerosis (55) . Administration of 27HC to hyperlipidemic mice, followed by high fat diet, could reduce hepatic inflammation in nonalcoholic fatty liver disease (56) . Both nonalcoholic fatty liver disease and atherosclerosis are major disorders of lipid metabolism, often related to obesity or abnormal distribution of body fat (57, 58) . Thus, the existence of de novo 27HC synthesis in adipocytes might provide a new understanding of the connection between adipocyte function and lipidrelated disorders.
The mechanism of 27HC action in adipocytes has not yet been established. Many effects of oxysterols in adipocytes are mediated by the nuclear liver X receptor (LXR␣ and -␤) (59) . Multiple in vitro and in vivo studies in adipose cells have demonstrated that endogenously expressed LXRs can be activated by oxysterols (60) . However, the role of LXR in regulating adipogenesis is still open to debate. Different studies have reported induction (61), no effect (62), or even reduction of adipogenesis (63) by LXR ligands. The discrepancies between these studies could be due to the different degrees of differentiation of the cells used by the different groups. Nevertheless, LXR is not indispensable and might only act as a modulator for adipogenesis. This suggests that, in addition to LXR signaling, other adipogenic mediators may contribute to the inhibition of adipogenesis by 27HC observed in our study. Indeed, the previously reported anti-adipogenic activity of the oxysterol 20(S)-hydroxycholesterol is mediated predominantly through hedgehog signaling, despite the activation of LXRs at the same time, and is associated with inhibition of peroxisome proliferatoractivated receptor ␥ levels (64) . Another mechanism for 27HC action in adipocytes may involve interaction with ERs. As the first identified endogenous selective estrogen receptor modu-lator, 27HC has multiple functions in ER-positive tissues, through either activation or antagonism of ER (65) . Human adipocytes express both functional ER␣ and ER␤ (66), indicating that 27HC action may occur through either of these ERs in adipocytes.
In conclusion, this study provides the first evidence that adipocytes have the potential to synthesize steroids and/or oxysterols de novo from cholesterol and its precursors. The presence and activity of adipocyte mitochondrial cholesterol transport and metabolism machinery involved in the initial steps of steroid or oxysterol synthesis have been confirmed in our study. We propose that CYP11A1 activity in adipocytes is diminished due to competition from CYP27A1 for the same substrate and redox partners, which leads to the release of 27HC as the major mitochondrial cholesterol metabolite rather than pregnenolone. However, given the large inter-individual variations in adipocyte metabolic pathways, the final product of de novo synthesis could vary. The finding that local inhibition of CYP27A1 induced adipogenesis suggests that the presence of de novo adipocyte oxysterol synthesis might represent a defense mechanism for adipocytes to protect against intracellular cholesterol overloading and formation of new fat cells.
